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ABSTRACT

Microcavity structures have recently found utility in chemical/biological sensing applications. The appeal of these
structures over other refractive index-based sensing schemes, such as those based on surface plasmon resonance, lies in
their potential for producing a highly sensitive response to binding events. High-Q devices, characterized by sharp line
widths, are extremely attractive for sensing applications because the bound analyte provides an increased optical
pathlength, thus shifting the resonant frequency of the device. In this work, we design and simulate resonant microrings
using full-wave finite element models. In addition to structure design, integration of the biological recognition element
on the resonator is also considered. This is equally important in dictating the sensitivity of the sensing device. To this
end, we take a four-step theoretical approach to optimizing the sensor. We begin by using FEM analysis to obtain the
characteristic resonant wavelength, line width, and quality factor for bare ring resonators absent of surface
functionalization. Next, we simulate the structure with a biorecognition element attached to the surface. The third step is
to model the functionalized microring to mimic the interaction with the target analyte. At each step, we derive the
transmission spectra, electric field distributions and coupling efficiencies, as well as wavelength dependence using
empirical data for the refractive indices of biorecognition element and analyte. Finally, the geometry of the microrings is
optimized in conjunction with the constituent material properties and the recognition chemistry using FEM combined
with an optimization algorithm to maximize the sensitivity of the integrated biosensor.
Keywords: biosensing, ring resonator, microcavity, silicon photonics

1. INTRODUCTION
Microcavity resonators offer the ability to confine light in a small area, and the very low loss achievable by dielectric
waveguides such as silicon (Si) or silicon nitride (SiN) on silicon dioxide (SiO2) substrates lead to very high Q values
and narrow line widths1,2. In particular, microring resonators allow for a small footprint, easy fabrication, and relatively
simple designs2. These structures have seen use in a variety of applications, including many optical devices that
previously required large bulk optical setups2. Normally, these resonators are designed to have a tight confinement of
light to minimize propagation loss and work at a polarization that matches the waveguide geometry1. However, with
mild tweaking, these structures can retain their low loss characteristics, but also increase the delocalization of the
confined mode. This modal delocalization, combined with the narrow line width and high environmental sensitivity of
the microcavity, can be used for refractive index difference based detection3. Baseline resonant behavior of a resonator is
measured and then compared to the behavior of the cavity when an object with different refractive index is introduced
near the cavity. For ring resonators, this object will result in a shift in the effective modal index, and will consequently
change the resonant wavelength of the cavity. This resonant shift can thus be used as a sensing mechanism.
Although ring resonators have been explored for chemical/biological detection4, little work has been done to optimize
the sensing effect in a systematic way. Typically, the microrings are operated as they would be for a photonic device,
which usually means a standard waveguide dimension and operation in the quasi-TE polarization5, which confines the
mode very well. While these sorts of microring designs make very much sense for typical optical devices, they do not
make sense for optical sensing. As opposed to traditional photonic devices, photonic sensors rely on modal
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delocalization for their function2,6, while this is normally avoided for photonic devices. Therefore, there is much room to
optimize the microring structures for the particular application of biological sensing.
In this work, we attempt to optimize a ring resonator structure for use in biological sensing. Although this could be used
for sensing of liquids, molecules, proteins, or any other structure which can be shown to have a differing refractive index
from a baseline, we consider here detection of a cell. The main ring parameters of material, waveguide dimensions,
modal polarization, wavelength, and coupling gap are all explored. As the microring is a three dimensional structure, a
full three dimensional model is necessary to obtain a prediction of the device performance. However, we first consider
the cross section of the ring, and optimize the waveguide, material, polarization, and wavelength to allow for maximal
sensitivity. Using these optimized parameters, we then simulate the transmission spectra of the partially optimized ring,
and then further optimize the ring coupling parameters for maximum sensing performance.

2. RING RESONATOR DESIGN CONSIDERATIONS
A microring resonator based sensor capitalizes on the very sensitive resonant behavior of the ring and sensitivity to small
changes of and around the cavity. Detection of an object of interest is accomplished by noting a shift in the resonant
wavelength of the ring, given by4:
Δ

=Δ

where Δλ is the resonant wavelength shift of the ring mode, ∆
, is the effective index difference of guided mode m
between the reference and sensing situations, is the total length of the ring, and is the number of mode wavelengths
present in the ring during resonance. The ratio
will vary with the wavelength of light used, but will otherwise be
constant. Therefore, the sensing response of the microring mainly depends on the difference of effective index due to the
object to be sensed, which is given by7:
∆

,

=
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where c is the speed of light, ∆ ( , , ) is the change in relative permittivity at a point (x,y,z) due to the analyte, and
is the electric field of mode m at point ( , , ). The integrand can be seen to be the energy density ( ∙ ) present in
the vicinity of the waveguide.
To maximize the resonant wavelength shift, the change in effective index due to a given analyte should be maximized.
This can be achieved by maximizing the amount of modal field that experiences the relative permittivity difference due
to the sensing element. This requires an optimization of the modal profile to the shape, size, location, and material of the
object to be sensed. Since the field outside the waveguide roughly falls off in direction l as7:
( , , )

where
is the effective modal refractive index, and
is the refractive index of the material outside the
waveguide core, the index contrast between the mode (which is dominated by the waveguide index) and the surrounding
material will dictate how quickly the mode decreases away from the waveguide. A large contrast will result in very
quick falloff, and low contrast will result in decreased falloff. Since normal electric displacement field is constant across
a dielectric boundary, and = , there will be an enhanced electric field across the dielectric boundary parallel to the
modal polarization dependent on the boundary index difference.
In addition to the waveguide material and modal polarization, the waveguide dimensions and modal wavelength play a
large role in the behavior of the modal profile. Decreasing either the height or width of the waveguide will generally lead
to a less confined mode. Similarly, increasing the modal wavelength will cause the mode to be less confined in a
waveguide of fixed dimensions.
Sensing performance is not only dependent on resonant shift, but is also affected by the achievable quality (Q) factor of
the resonant cavity. A larger Q will lead to more narrow resonant peaks, increasing the ease of which a wavelength shift
can be detected. There is generally a tradeoff between modal confinement and losses, which is why highly confined
modes are generally desired2. For biological sensing in the infrared, there is the additional issue related to the absorption
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spectrum of water, as water tends to be a relatively strong absorber in the IR8. This absorption can be decreased by an
order of magnitude by working in the O-band around 1310nm instead of the commonly used C-band around 1550nm.
However, working at the shorter wavelength O-band will also cause increased modal confinement, and thus the role of
water absorption vs. increased modal confinement at smaller wavelengths is in need of exploration.
Sensing performance of a microring resonator depends on both the waveguide material and dimensions, and will vary in
performance depending on the light polarization and wavelength. For maximal sensing behavior, these parameters must
be optimized with respect to one another and the desired analyte, and considering the effect they will have on the ring
resonance shift and the ring’s Q factor.

3. DEVELOPMENT OF A CROSS SECTIONAL MODEL
Because of the inherent three dimensional nature of the resonator, a full simulation of the device’s performance requires
a three dimensional model. However, since the shift in resonance is a result of the modal field interacting with the cell,
this interaction can first be optimized, and then can be applied to the three dimensional model to save computing
resources. A two dimensional cross section allows the effect of the waveguide material, waveguide dimensions, light
polarization, and light wavelength to be explored. A model of the waveguide with a bound cell was developed in the
commercial finite element modeling software COMSOL. A typical geometry of this cross section is shown in Fig. 1a.
Refractive Index Change resulting from Cell above Si Waveguide
TE and TM modes
For simulation, optical constants set at either
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Figure 1: (a, left) Cross sectional model of ring and bound cell; (b, right) Refractive index change of 250x500nm (HxW) Si
waveguide mode from cell

The model consists of a SiO2 substrate, a Si or SiN waveguide, and a model cell surrounded by water. The design for the
cell was based on parameters for the rod shaped E. coli.9, with a total length of 2.24µm and a radius of 0.36µm.
Refractive index for the cell was estimated to be 1.38 over the NIR9. The cell was placed 2nm directly above the ring
with the cell axis perpendicular to the substrate. Additional binding geometries were also considered, and their
performance was largely similar to that resulting from this perpendicular binding.
As an initial case, a silicon waveguide 500nm wide by 250nm high was simulated with input light 1-2µm in wavelength
and polarized in either the TE or TM modes. The optical constants for materials were set at the values for either 1310nm
or 1550nm10, and the comparison between these cases is shown in Fig. 1b. It can be seen that, for both polarizations,
shorter wavelengths see less of an index difference than longer wavelengths as a result of longer wavelength modes
being less confined to the waveguide. Additionally, the reactive index difference is much higher for the TM modes than
the TE modes. A comparison of the electric field intensity can be seen in Fig. 2. The large difference in refractive index
change is a result of the TM field coupling significantly more of the field energy to the cell than the TE field.
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Figure 2: (a, left) TE polarized mode; (b, right) TM polarized mode, both in 250x500nm (HxW) Si waveguide

Although electric field profiles like these are often seen in literature on refractive index shift based sensing3,7,8, they are
inherently misleading. As was seen earlier, the refractive index shift does not depend only on the electric field, but the
dot product of the electric field and the electric displacement field, which results in the energy density. A comparison of
these field profiles is seen in Fig. 3.
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Figure 3: Electric field intensity (left), electric displacement field intensity (center), and the time averaged electric energy
density for the same mode (right)

It is apparent that the actual sensing response of the waveguide is much less than would initially be assumed upon
inspection of only the electric field. As energy density is essentially proportional to the square of the electric field
), the sensing response is diminished accordingly. Thus, maximizing modal delocalization is extremely
( ∙ =
important to maximize the device sensitivity.
To maximize the effective index shift, the parameters of waveguide material, waveguide dimensions, light polarization,
and light wavelength were varied. As the resulting index shift depends on the combination of these parameters,
simulation was done over a full parameter range for each individual parameter. Both Si and SiN were tested at both the
TE and TM polarization, each at 1310nm and 1550nm. For Si, the waveguide height was varied in 25nm steps from
100nm to 275nm, and the width in 50nm steps from 200nm to 550nm. For SiN, height was varied from 200nm to 600nm
in 50nm steps, and width from 400nm to 1000nm in 100nm steps. A graph of the resulting index shift is shown below in
Fig. 4. Note that the pure black squares indicate a waveguide geometry that does not support a propagating mode.
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Figure 4: Refractive index shift due to cell for a variety of parameters

In all cases, TM provided higher sensitivity than TE, often by an order of magnitude. Si performed better than SiN,
though only by a factor of 2-3 in most cases. The highest index shift was achievable in Si for the TM mode, operating at
either 1310nm or 1550nm. For 1310nm, the maximum sensitivity came for heights between 175-200nm, and widths
between 250-500nm. For 1550nm, best performance can be found for 200-250nm heights and 300-500nm widths.

4. THREE DIMENSIONAL RING OPTIMIZATION
Using the optimized parameters from the cross sectional case, a three dimensional model was developed. For the
waveguide, Si was used, and excitation was done near 1550nm at the TM polarization. A height of 250nm and width of
500nm were used to maximize modal delocalization. An input/output waveguide was placed next to a 2.5µm radius ring
resonator such that the ring was coupled in an all-pass fashion, which has been shown to offer better Q values than
alternative ring coupling setups2.
In order to allow the potential for proper simulation over a variety of wavelengths, the Sellmeier equation10:
( )=1+

−

+

−

+

−

was used in place of hard coded refractive index values (as was done in the cross sectional case) to define the refractive
indices of Si, SiO2, and H2O10. For the cell, the value was left hard coded, as no Sellmeier coefficients could be found.
Performance was measured by simulating the ring at a variety of wavelengths, both with and without the cell, and
finding the resonance peak of the ring for each case. In order to find the ring transmission spectrum, the integral of the
power both before and after the ring was measured. The difference of these gave the transmission spectra.
As the waveguide and signal parameters had already been optimized, the main remaining parameter to optimize was the
ring to waveguide coupling gap. It was found that the gap has little effect on the resonant wavelength, but a large effect
on the coupled Q and extinction ratio of the ring (as is consistent with theory). A parameter scan can be seen in Fig. 5a,
and it is apparent that a coupling gap between 150nm and 200nm offers the best extinction ratio. Using these values as
bounds, the COMSOL optimization module was used to quickly find the coupling gap that offered the best performance.
An optimal value of 168.5nm was found, and gave an extinction ratio of 7dB.
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Figure 5: (a, top) Parameter sweep optimization of ring to waveguide coupling gap; (b, bottom) transmission spectra of ring
resonator with and without a cell present

Simulating the ring coupling both with and without the ring with a coupling gap of 168nm, a wavelength shift of 150pm
was found, and the resulting spectra are shown in Fig. 5b. The loaded Q of the ring was found to be 1215 with the cell,
and 1245 without. At these levels, even a single cell would be easily detectable by the ring device, as much smaller
wavelengths shifts have been measured experimentally3,5,6.

5. DISCUSSIONS AND CONCLUSIONS
We have designed, numerically investigated, and optimized a microring resonator for use as a biological sensor. Starting
with a two dimensional cross sectional model of a cell binding to a waveguide, the waveguide material, waveguide
dimensions, light wavelength, and light polarization were investigated. It was found that silicon waveguides operating in
the TM polarization offer maximum performance, and that depending on the wavelength of light used, the dimensions
can be adjusted for optimum sensitivity. A waveguide optimized cross section was then used in a three dimensional
model of a single cell binding with a ring resonator. It was found that, for a 2.5μm radius ring resonator, a 150pm shift
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was achievable with a quality factor over 1200. Thus, it was concluded that detection of a cell with the optimized
resonator design provided performance more than adequate for single cell detection.
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